Graphene, a planar, atomically thin form of carbon, has unique electrical and material properties that could enable new high performance semiconductor devices. Graphene could be of specific interest in the development of room-temperature, high-resolution semiconductor radiation spectrometers. Incorporating graphene into a field-effect transistor architecture could provide an extremely high sensitivity readout mechanism for sensing charge carriers in a semiconductor detector, thus enabling the fabrication of a sensitive radiation sensor. In addition, the field effect transistor architecture allows us to sense only a single charge carrier type, such as electrons. This is an advantage for room-temperature semiconductor radiation detectors, which often suffer from significant hole trapping. Here we report on initial efforts towards device fabrication and proof-of-concept testing. This work investigates the use of graphene transferred onto silicon and silicon carbide, and the response of these fabricated graphene field effect transistor devices to stimuli such as light and alpha radiation.
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INTRODUCTION
A high-resolution radiation spectrometer capable of distinguishing narrowly-separated energy peaks at, or near, room temperature would provide a new capability for radiation detection and measurement in fields ranging from materials characterization and astrophysics to homeland security and nuclear forensics. The accurate detection of high energy MeV-level gamma rays is of crucial importance for identifying the isotopic or nuclear interaction source of the radiation. Along with detection efficiency, energy resolution is the key attribute for a radiation spectrometer. The full-width half-max (FWHM) energy resolution of a given detector is dominated by three terms: the statistical fluctuation of charge carrier generation, the effect of incomplete charge carrier collection, and the electrical noise of the system dominated by the detector capacitance. Improved detector resolution allows for low count peak identification, reduced spectral overlap, and higher confidence in estimating source strength. The current challenge in radiation spectrometry is that the highest resolution can only be achieved with highpurity germanium (HPGe) detectors cooled to liquid nitrogen temperatures (77 K). The low temperature is needed to 'freeze out' thermally generated charge carriers that are generated because of the low bandgap of germanium (0.67 eV). This necessitates the use of large liquid nitrogen dewars and constant refilling to maintain the temperature, which limits mobile use and the number of detectors utilized. Germanium is the most widely used semiconductor detector material because of the large crystal sizes that can be achieved on account of the large depletion depth in highly purified material, which allows for high-energy gamma rays to be completely absorbed in the detector volume. Typical HPGe detectors FWHM resolutions of 3.3% for low energy photons (5.9 keV) and 1.3% for higher energy gamma rays (1.33 MeV) 1 . Lechner et al. achieved notable energy resolutions using a drift detector configuration on a silicon substrate 2 . The primary advantage of a drift-type detector is that charges can be 'focused' and collected at an on-chip charge detector with much lower capacitance and corresponding electrical noise contribution to improve energy resolution. These devices can also be fully depleted, indicating that charges can be efficiently collected from throughout the volume of the detector. Silicon also has a larger bandgap (1.1 eV) than germanium, reducing the magnitude of thermal charge carrier generation. Furthermore, the vast experience with silicon substrates in the microchip industry has enabled the fabrication of advanced architectures for silicon drift detectors. With a ring-configuration set of electrodes feeding an on-chip junction field-effect transistor charge collector and amplifier, Lechner et al. achieved full-width half-max values of 3.8%, 2.9% and 2.4% at temperatures of 300 K, 263 K and 200 K, respectively, for 5.9 keV photons. The temperatures at which these remarkable energy resolutions were obtained can now be reached with solid-state thermoelectric Peltier cooling systems, which are much more portable and operationally useful than liquid nitrogen dewars for field testing. However, silicon detectors are limited to the detection of low-energy photons, as the techniques for purifying germanium can achieve lower impurity levels than can be obtained in silicon. Higher purity materials lead to larger volume detectors through the increased depletion depths, and correspondingly lower losses due to incomplete radiation energy deposition. Furthermore, silicon is a low-density, low-Z (atomic number) material, which further reduces the interaction probability for high-energy gamma rays. Thus, there is a strong impetus towards being able to use advanced configurations in a detector where high-energy gammas could also be detected.
Several other semiconductor materials have also been identified as potential candidates for gamma ray detectors, including the high-density, high-Z materials mercury iodide (HgI 2 ) and cadmium zinc telluride (CdZnTe or CZT). While these materials have very good energy deposition behavior and can be fabricated in large volumes, their electrical and charge collection properties suffer in relation to silicon and germanium crystals. Additionally, the techniques and technologies for doping, processing and integrating circuits for these wide-band compound semiconductors are much less advanced than for elemental semiconductors. One specific issue with HgI 2 and CZT are the large differences between the electron and hole mobilities and related lifetimes, which can limit the charge collection efficiency in standard collection configurations. Table 1 shows the measured electrical properties and material constants for several semiconductor materials of interest. Hudgins et al.
§
Minder et al. 5 The challenges of charge collection in materials with large electron-hole mobility ratios are significant, but detector performance can be improved in these cases through the use of single polarity charge sensing configurations, where only the electrons are detected. Luke 6 and He et al. 7 used coplanar grid electrode readout electronics on a CZT substrate to effectively mitigate the problem of incomplete hole collection. More recently, Abbene et al. 7 demonstrated 1.9% FWHM peak resolution on a 59.5 keV photon using a unipolar, multiple electrode approach on a CZT substrate at 263 K. Further resolution gains could potentially be obtained with a reduction in the system readout capacitance, as Luke, et al., discuss in a subsequent paper 8 . Here, we investigate the potential of an on-chip graphene field-effect transistor (GFET) for unipolar charge sensing in radiation spectrometry applications.
Graphene, a planar, atomically thin form of carbon, has unique electrical and material properties, including very high mechanical strength, extremely high ambipolar mobilities and high thermal conductivity. Graphene can also be patterned using standard microchip fabrication processes. Graphene could be of specific interest in the development of a room-temperature high resolution semiconductor radiation spectrometer because of its almost negligible intrinsic capacitance 9 . Incorporating graphene into a field-effect transistor architecture could provide an extremely high sensitivity readout mechanism with on chip amplification for sensing charge carriers in a semiconductor detector, thus potentially enabling the fabrication of a sensitive radiation sensor with very high resolution. Most relevantly, graphene has recently been demonstrated to be transferrable to any arbitrary substrate material 10 . In this report, we discuss initial proof-of-concept experiments towards the use of a GFET as charge sensor for radiation spectrometry.
EXPERIMENTAL METHODS
Operating Principles of a Graphene Device
Among the set of extraordinary properties of graphene, one of the arguably most interesting is the exceptional electrical transport behavior. Graphene can be thought of as a unique zerobandgap semiconductor (semimetal) where the cones of the valence band and conduction band meet at the Dirac point (point where the film is charge neutral). Graphene energy dispersion is conical (semimetal), unlike other traditional semiconductors where the dispersion is more parabolic. This property is extraordinary because it is responsible for the long-range ballistic transport and corresponding extremely high charge carrier mobilities. Graphene's behavior is also interesting because large modification in carrier density and type can be obtained by moving the Fermi level within the film using an applied transverse electric field. 
Basic GFET Operation Principles
Any electric field applied to the graphene will affect the conductivity by shifting the Fermi level from a p-type material at negative voltages to an n-type material at positive voltages. The collection of charges beneath the insulator layer, whether electrons or holes, will exert an electric field effect that can change the conductivity. Due to these extraordinary charge transfer properties, graphene has been the subject of great interest for replacing or augmenting silicon microelectronic technologies with improved speed and efficiency. The dramatic sharp feature in the graphene current vs. voltage response has recently been utilized to create GFET devices, one of the basic microelectronic circuit building blocks. Fundamentally, field effect transistors work by controlling a perpendicular electronic flow with small applied voltage. Figure 2 shows a GFET device fabricated during a three year, Sandia-funded project aimed at enabling graphene nanoelectronics. 
Hybrid Radiation Detector Based on a Charge Sensing GFET
To develop novel radiation detectors, we fabricate a GFET on top of a semiconductor absorber. Figure 3 is a schematic of our device (similar to devices reported by Yong Chen group at Purdue University 12 ). The GFET is electrically isolated from the absorber by a thin insulator, which acts as a gate dielectric. This device geometry is analogous to a metal-oxide-semiconductor (MOS) junction. When a voltage is applied to the semiconductor, via a backside ohmic contact, a depletion region forms underneath the graphene in the semiconductor. In the depletion region, the remaining fixed charge (dopant) creates an internal electric field that will separate electron-hole pairs generated by an energetic event. Separated charge then collects at the insulator/semiconductor interface, which enhances the transverse electric field being applied to the graphene. By applying a constant source-to-drain voltage, shifts in the graphene conductivity can be measured as changes in source-drain current.
The depth of the depletion region determines the number of electron/holes pairs that will be collected and is related to the dopant density, as well as the magnitude of the back-gate voltage.
Device Fabrication
Graphene Field Effect Transistor (GFET) devices were fabricated in a multistep process using a combination of wet chemistry transfer and lithographic definition procedures. The devices were fabricated on two different substrates: low-doped, 5 kΩ·cm resistivity, n-type silicon (Si) or vanadium counter-doped, semi-insulating silicon carbide. It is important to use substrates with low dopant concentrations in detector applications to reduce charge carrier recombination. The GFET device fabrication procedure was largely the same for either substrate material. The substrates were diced to a 1 cm 2 square. First, a metal back electrode consisting of a 100 nm gold contact was deposited on a 10 nm titanium adhesion layer. For some samples, an ohmic contact was fabricated at the back electrode using ion implantation. Next, an insulating layer was deposited on the substrate top surface using plasma-enhanced chemical vapor deposition (PE-CVD). This insulator was either silicon dioxide with a 100 nm thickness or silicon nitride with a 50 nm thickness. After this insulator deposition, single layer graphene (Trivial Transfer, ACS Material LLC.) was transferred onto the substrates from a polymer support. In this process, the graphene could be floated off of the polymer support and attached to a new substrate through immersion in water. Subsequently, a PMMA backing layer on the graphene could be dissolved using acetone.
After the graphene was attached to the semiconductor, arrays of GFET devices were defined using a custom-design lithographic mask to first define the graphene transistor layer (device-to-device isolation), and then to fabricate metal contacts for the source and drain electrodes. These metal electrodes consisted of 100 nm of gold on a 10 nm titanium adhesion layer. Two different GFET device arrays were fabricated on the substrates to examine the effect of device area on performance: smaller 250 × 100 μm devices with 100 μm electrode pads and larger 450 × 200 μm devices with 200 μm electrode pads. Figure 4 shows a schematic and image of the device structure.
Source Drain
Graphene 100 μm 250 μm After fabrication, optical and electrical inspections were first used to verify that the GFET devices were well-defined and functional. As a custom, low-throughput device, it is essential to ensure that each GFET device responds as expected to applied electrical stimuli. Specifically, each device was tested for linearity in the current response to a voltage applied across the source and drain terminals. Microscopy was also used to verify coverage of the transferred graphene over the GFET device arrays.
All testing was performed using a probe station (Signatone) emplaced within an isolation chamber to minimize vibration and noise. The back gate voltage was applied directly to the back metal contact on the substrate. The source and drain voltages were applied to the individual electrodes corresponding to a single defined GFET device using a microscope-guided micropositioner probes. A typical source-to-drain bias potential was 0.1 V, although this could be held at any voltage relative to the back gate to probe the effect of collecting electron and hole charge carriers beneath the insulator on the graphene conductivity.
Optical measurements were taken using either a halogen (Schott Modulamp with EKE bulb) or metal halide (EXFO X-Cite 120) lamp. The halogen lamp emits mainly in the 390 -740 nm range, while the metal halide lamp emits strongly down to 300 nm. The short wavelengths accessible with the metal halide lamp were used to test the devices with a wide bandgap SiC substrate. In either case, the optical light was passes through a beam guide and focused onto the GFET device using a microscope objective. An advantage of this configuration was that the light could be turned on and off from outside the isolation chamber with negligible vibration or other impact to the test setup.
Radiation sensor development tests were performed with a polonium-210 (Po-210) alpha emitter, normally sold as a static eliminator (NRD Static Control 1U400). The alpha emitter was selected because of the confined radiation fields and localized energy deposition available with this source, which had a relatively high initial activity of 500 microcuries (μCi). We estimate that alpha particles incident from this source at an in-air distance of 1 cm have a range in silicon of 18 μm. Choosing a radiation source that is not an external safety hazard allowed considerable flexibility in testing, and the source activity and energy deposition for a small region very near the source surface exceeds what might be available in high radiation areas. The alpha source was mounted on a pneumatic, low vibration cantilevered piston that could be inserted to irradiate the mounted GFET devices. The piston was controlled from outside the isolation chamber to minimize system noise.
RESULTS
Detection and Analysis of Optically Generated Charges
We first probed the optical response of the GFET devices to examine the detector performance. These tests provide a direct measure of the ability of the device to collect charge and then measure its accumulation beneath the insulator through an effect on the graphene conductivity. We performed a set of experiments on the optical response using several GFET devices on three different substrates and using two different light sources with different filters. These experiments allowed us to test a wide range of conditions while minimizing the hazard of working directly with the radiation source.
The first test, shown in Figure 5 , shows the response of the GFET device on a silicon carbide substrate to light from the halogen lamp. No response was observed with or without the incident light when no back gate voltage was applied. With an applied back gate voltage (Vbg), we observe a stabilization time of approximately 40 seconds, which we attributed to mild charge buildup at or near the semiconductor-insulator interface. Some variation was observed between the final stabilization current resulting from a slight hysteresis effect, but this minor effect could potentially be overcome by reverse biasing the device. The net current change is a more important indicator of the overall detector performance. As shown in the 'Light On' case of Figure 5 , we observe a strong detector response to optical light. This is shown as a 17.6 μA drop in the current flow over the 40 seconds of optical illumination, representing a 50.3 % change on the stabilized initial value. Interestingly, the drop was not linear, but rather asymptotic. This suggests competing mechanisms of charge buildup and electrostatic repulsion or diffusion that result in an eventual equilibrium for a given charge generation rate. After the light was extinguished, there is a gradual return toward the initial signal level. As a follow-up test, we next examined the effect of the back gate voltage on the GFET optical response. Figure 6 presents the results of these experiments. We also noticed that the response is quite different for the case of a positive voltage differential (from the back gate to the source and drain levels) where holes would collect under the insulator surface, which resulted in a current drop across the graphene transistor as in the case of a negative differential where electrons would collect at the GFET device, which resulted in a current gain. We also observe that the rate of current change increases with the applied potential difference. For small applied voltages or at short illumination times, the current change during optical illumination has a linear trend, but at higher voltages, the current asymptotically approaches a set value which we hypothesize is caused by charge carrier repulsion. We then extracted data out of some repeated runs under these conditions. Given the signal saturation, we primarily consider the initial slope or rate of current change with time for the first few seconds of the optical exposure. A plot showing some of the normalized line profiles is shown in Figure 7 . The initial slope on the current versus time changes proportionally with the applied voltage for these measurements. This data can provide an indication on the achievable sensitivity of these devices. Finally, we investigated the behavior of the GFET junction as it relates to charge transfer near the charge neutral point for a GFET fabricated on a high-quality low-doped silicon substrate. Consistent with our hypothesis that charge builds up beneath the graphene surface, the charge can create an effect similar to a change in the back gate voltage. Interestingly, this buildup can exhibit an exotic effect in the current flow if the charge neutral point is crossed. Figure 8 shows several examples illustrating this intriguing phenomenon. Interestingly, if the initial voltage is close to the charge neutrality point and enough charges build up to cross the threshold, a dramatically sharp reversal in the charge versus time trend occurs. This sharp response could potentially be employed to create an extremely sensitive threshold dependent charge detector.
Even without employing this technique, we find that these initial, unoptimized prototype GFET devices are surprisingly sensitive to incident light, even without amplification. The broadband halogen light source delivers an irradiance of 4.5 mW/cm 2 to the test setup with an estimated average photon energy of 2 eV (640 nm). However, only 4 μW of this energy is incident on GFET device, and 35% of this light would be reflected at the silicon interface. Even assuming that the GFET device could collect generated charge carriers from an area 80 times as large as the device itself without any guide electrodes, the net signal sensitivity would still be ~0.5 A/W, which is comparable to commercial silicon photodiodes.
Detection and Analysis of Alpha Radiation with a GFET Device
Our initial radiation tests were designed with a backside alpha irradiation in mind. However, these tests were unsuccessful, leading us to consider alternative configurations and to try to understand why the tests failed. Upon further analysis, we identified a probable scenario where the device acts like a metal-oxide-semiconductor capacitor-type junction and the depletion region does not penetrate the full depth of the device. If this is correct, it means that charge carriers generated near the back surface would not 'feel' the applied voltage and that the fields would be confined to the region near the top surface of the detector. With this hypothesis of limited depletion depth in mind, we then considered front side irradiation. Before this was attempted, however, we first examined the possibility of radiation-induced damage occurring to the graphene sheet due to alpha impacts. To quantify this possibility, we examined the graphene resistance as a function of radiation time for five different GFET devices on a silicon substrate. Each of these devices was subjected to a 300 second alpha radiation exposure with the source position to maximize dose to the device. Figure 9 presents the change in resistance for the before and after exposure cases. The minor changes in resistance for the exposed GFET devices imply that the radiation caused little damage to the devices. The changes could also result from changes in the probe contacts. Heavy charged particles, such as alphas, represent a 'worst-case' scenario for potential damage to a graphene layer, but the slight changes observed here indicate that other radiation sources like x-rays and gammas, should have limited effect on device operation. Subsequently, we directly tested the effect of alpha irradiation on a GFET device built on SiC to determine if this configuration could be used to detect ionizing radiation. Figure 10 presents the significant changes in the current when the radiation source was present. Here we observe a jagged curve resulting from charges generated by individual alpha particles interacting with the silicon carbide substrates, analogous to drops of rain in comparison with the river of charges generated by the optical illumination. The charge-sensing tests using the alpha source were characterized by sharp point-to-point drops in the current, which we conclude come from alphas that deposit a large amount of energy in the sensitive region of the detector. Figure 11 shows that the overall slope of the current change with time was similar for three different exposures, but the statistically random interaction at any given time could lead to larger or smaller changes. While the observed radioactive signal changes are modest in comparison to what was observed during optical illumination, we note that the net energy deposition for the same area is more than three orders of magnitude greater for the optical illumination than for the alpha particles with our 250 μCi Po-210 source at a distance of 1 cm. Furthermore, much of the optical energy deposition will occur very near to the semiconductor-insulator interface, while the alpha energy deposition will occur throughout the range of the particles in the semiconductor material. We next varied the radiation and detection conditions to examine their effects. Figure 12a shows that the effect of changing the alpha source to GFET detector distance accounted for a difference in the current drop of approximately a factor of two, with changes of 0.82 and 1.68 μA for the 25 mm and 12 mm separations, respectively. This might be expected to be an even larger difference as both the number of alphas and the average energy would be larger for the 12 mm separation. We estimate that the average alpha energy would be 1.1 MeV for the 25 mm separation and 2.9
MeV for the 12 mm distance. Additionally, we modeled the random alpha emission from the source with these detector configurations and found that twice as many alpha particles are incident on the GFET detector for the near (12 mm) and far source (25 mm) configurations in this planar-type geometry. However, for most of the alpha range, the energy deposited per unit distance changes only weakly with alpha energy 1 . We also hypothesize that the depletion width in the SiC substrate is smaller than the range of alphas in the material, implying that only a relatively small fraction of the total deposited alpha energy contributes to the detected signal. Thus, even though the alpha energy is much greater in the short range case, it is conceivable that a similar number of charge carriers might be detected per alpha in both cases. Figure 12b shows that the back-gate voltage does have a significant effect on the detected signal. In this case, we observe a much larger rate of current change over the two tests for the case of V bg = 60 V versus V bg = 20 V. Quantitatively, these changes were 2.36 μA (10.2%) and 1.52 μA (6.2%), respectively. This difference is one indication that the effective region of charge collection expands at larger applied voltages, potentially both in depth and expanse.
It is perhaps more informative to statistically analyze the changes between each time step in the GFET current to consider the potential of using this device as a radiation spectrometer. In this case, the signal drop in a given short amount of time could be related to the energy deposition by individual alpha particles. In this case, our sensitivity is relatively low, as we expect over 400 alpha particles to interact with the GFET area per time period measured, but this could provide a path forward towards radiation spectrometry. Here we divide the sample-tosample change in the current into 25 nA bins and plot the frequency of each shift, shown in Figure 13a . We also examine the maximum value of the sample-to-sample variations in the current for the control and irradiation conditions (Figure 13b ). Here, we see that the current change frequency is shifted and has a longer tail in the irradiation cases. We also observe that the sample-to-sample changes are not dramatically different between the 20 and 60 V back gate conditions, which may imply that the energy deposited is similar per alpha interaction, but longer exposures may be necessary to say this conclusively. We also note that the maximum current gains are small and similar for all four cases shown in Figure 13b , consistent with random noise, but that the current drops are significantly larger for the alpha irradiation conditions, indicative of specific charge-carrier generation events. 
CONCLUSIONS
Here we have demonstrated the use of a GFET device to collect optical photon and radiation-induced charges in a semiconductor detector. We showed that the graphene could be transferred onto multiple different semiconductor substrates and that functioning GFET devices could be fabricated from these deposited layers. Furthermore, we found that we could detect the presence of optical-and radiation-generated charge carriers in the semiconductor material through the variation of the voltage-dependent current flow across the GFET device. In the course of this project, we have developed an understanding of the device physics for a MOS-like charge-sensitive GFET device. Specifically, we find that the depletion width is a dominant factor for charge generation and collection, and that the unique nature of the charge neutrality point in graphene causes distinctive effects that can be used for optical and radiation detection.
The graphene was transferred to this device in a process that could be applied to a flat substrate of virtually any material, illustrating its utility for advanced compound semiconductor materials. Furthermore, the light and radiation detection technique demonstrated here makes use of one charge carrier, not carrier separation, and can thus make use of materials with a large discrepancy in the electron to hole mobilities that cannot be effectively employed in other situations. The experiments and analysis performed through this project demonstrate the potential utility of these devices, which recommend further study into the phenomena examined here.
